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Abstract.  To understand the interactions between the 
microtubule-based motor protein kinesin and intracel- 
lular components, we have expressed the kinesin heavy 
chain and its different domains in CV-1 monkey kidney 
epithelial cells and examined their distributions by im- 
munofluorescence microscopy. For this study, we 
cloned and sequenced cDNAs encoding a kinesin 
heavy chain from a human placental library.  The hu- 
man kinesin heavy chain exhibits a high level of se- 
quence identity to the previously cloned invertebrate 
kinesin heavy chains;  homologies between the COOH- 
terminal  domain of human and invertebrate kinesins 
and the nonmotor domain of the Aspergillus  kinesin- 
like protein bimC were also found.  The gene encoding 
the human kinesin heavy chain also contains a  small 
upstream open reading frame in a G-C rich 5' untrans- 
lated region, features that are associated with transla- 
tional regulation in certain mRNAs. After transient 
expression in CV-1 cells, the kinesin heavy chain 
showed both a diffuse distribution and a filamentous 
staining pattern that coaligned with microtubules but 
not vimentin intermediate filaments. Altering the num- 
ber and distribution of microtubules with taxol or 
nocodazole produced corresponding changes in the lo- 
calization of the expressed kinesin heavy chain.  The 
expressed NH2-terminal motor and the COOH- 
terminal tail domains, but not the or-helical  coiled coil 
rod domain,  also colocalized with microtubules.  The 
finding that both the kinesin motor and tail domains 
can interact with cytoplasmic microtubules raises the 
possibility that kinesin could crossbridge and induce 
sliding between microtubules under certain circum- 
stances. 
INESIN, a plus end-directed microtubule motor pro- 
tein (Vale, 1987), has been characterized extensive- 
ly using biochemical and molecular biological tech- 
niques.  Mammalian  kinesin  is  composed of two identical 
heavy chains  (110-120  kD) and two identical  light  chains 
(60-70 kD) (Kuznetsov  et al.,  1988;  Bloom et ai.,  1988) 
which together form an elongated  structure with globular 
domains at either end (Amos, 1987; Hirokawa et al., 1989; 
Scholey et al.,  1989).  The heavy chain can be subdivided 
into  three  domains:  a  globular  NH2-terminal  domain,  a 
long rod domain,  and a globular COOH-terminal tail do- 
main (Yang et ai.,  1989; Kosik et al.,  1990).  The NH2 ter- 
minal  domain,  which contains  a  consensus sequence for 
nucleotide binding  (Yang et al.,  1989),  has been shown to 
generate microtubule movement in vitro (Yang et al., 1990) 
and has microtubule-stimulated ATPase activity (Kuznetsov 
et al.,  1989); this region of kinesin  is hence referred  to as 
the motor domain.  The middle of the kinesin  heavy chain 
(KHC)  t folds into a long a-helical coiled coil (rod domain) 
1. Abbreviations used in this paper:  hKHC, human kinesin heavy chain; 
KHC,  kinesin heavy chain; ORF, open reading frame; PCR, polymerase 
chain reaction; VSV, vesicular stomatitis virus. 
that enables the two heavy chains to dimerize  (de Cuevas et 
al.,  1992). The COOH-terminal globular tail domain inter- 
acts with the light chains (Hirokawa et al., 1989) and possi- 
bly other cytoplasmic components.  Domains homologous to 
the kinesin motor have been found in a variety of other pro- 
teins,  which are thought  to be members of a large super- 
family  of microtubule-based motors  (Vale and  Goldstein, 
1990;  Endow,  1991; Goldstein,  1991). (In this  paper,  we 
shall refer to homologues as kinesin-like motors and refer to 
the originally  described motor simply as kinesin). 
Based upon in vitro observations that kinesin transports la- 
tex beads to the plus ends ofmicrotubules (Vale et al., 1985), 
it was proposed that kinesin powers anterograde transport of 
organelles.  Several recent experimental findings support this 
hypothesis.  First,  light  and  electron  immunolocalization 
studies indicate that at least some of the kinesin is associated 
with  membrane-bounded  vesicles  (Pfister  et  al.,  1989; 
Hollenbeck,  1989;  Wright  et al.,  1991; Hirokawa  et al., 
1991). Second, antikinesin  antibodies cause the centripetal 
collapse of tubular lysosomes in macrophages  (Hollenbeck 
and  Swanson,  1990),  inhibit  pigment  granule  dispersion 
when microinjected  into melanophores  (Rodionov  et al., 
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axoplasm (Brady et al., 1990).  Finally, inhibition of kinesin 
expression in hippocampal neurons by antisense oligonucle- 
otides (Ferreira et al.,  1992) and the creation of mutations 
in the Drosophila kinesin gene (Saxton et al., 1991) both re- 
sult in neuronal defects that are consistent with impaired ax- 
onal transport. In addition to transporting membrane vesi- 
cles, kinesin may have other biological functions. Kinesin, 
for example, was found to crossbridge and produce sliding 
between microtubules (Urrutia et al., 1991) and may trans- 
port intermediate filaments to the cell periphery (Gyoeva and 
Gelfand, 1991). 
To understand the biological roles performed by kinesin, 
it is important to determine its interactions with subcellular 
structures and decipher how these interactions are regulated. 
In this study, we have isolated and sequenced a human cDNA 
encoding a gene that shows a high degree of amino acid se- 
quence identity to the previously cloned invertebrate KHC 
genes (Yang et al., 1989; Kosik et al.,  1990; Wright et al., 
1991).  Different domains of this KHC were expressed in 
CV-1 African green monkey kidney epithelial cells and their 
subcellular localizations determined. While the rod domain 
shows a predominantly soluble distribution, we find that the 
entire KHC, the motor domain, and the COOH-terminal tail 
domain all can interact with cytoplasmic microtubules. 
Materials and Methods 
Generation of  Mammalian KHC Probe 
The KHC nucleotide probe used for screening a human cDNA library was 
generated by the polymerase chain reaction (PCR) (Mullis et al.,  1986). 
Specifically, MDCK cell first-strand cDNA was incubated with 500 pmol 
of a 128-fold degenerate 20 met (5'-GA[GA]GA[GATC]ACCGT[GC]GC- 
[GATC]AA[GA]GA-39  and  18  mer (5'-[TC]TGCA[GA][GA]TC[TC]TG- 
[GATC]AC[GA]AA-3') (these two sequences were based upon amino acids 
781-787 and 798-803  of the Drosophila KHC,  respectively)  in 67 mM 
Tris-HC1, pH 8.8, 6.7 mM MgC12, 16.6 mM ammonium sulfate,  10 mM 
2-mercaptoethanol, 6.7/~M EDTA,  10% DMSO,  1.25 mM each of dNTP 
and 1 U Taq polymerase (Perkin-Elmer Cetus Instrs., Norwalk,  CT) in a 
50-/~1 reaction. Reactions  were carried out for 50 cycles (93~  for 60 s, 
48~  for 60 s, 55~  for 30 s) and then analyzed by PAGE. For sequencing 
of the PCR products,  the reactions were run as above, but the degenerate 
20 mer was endlabeled with 32p (Maniatis et al.,  1982). The radiulabeled 
PCR products were separated by PAGE as before, and a band of the expected 
size was excised from the gel. The radiolabeled fragment was extracted and 
then sequenced (Maxam and Gilbert, 1977) and found to encode a portion 
of a protein that was highly homologous  to invertebrate KHCs. 
cDNA Library Screening 
A  radioactive probe for library screening  was  prepared from the PCR- 
generated fragment. Specifically,  100 ng of the 20 met and 18 mer, 5 U of 
the Klenow fragment of DNA polymerase I (Bethesda Research Laborato- 
ries, Galthersburg, MD),  100 ng of the PCR fragment, O.1 mM each of 
dGTP,  dCTP, and dTTP, and 200/~Ci of c~[32p]dATP (ICN Biomedicals, 
Inc., Costa Mesa, CA) were combined in 20 mM Tris-HCI, pH 7.5, 10 mM 
MgCI2, 5 mM DTT, and incubated for 1 h at 23~  This probe was then 
used to screen a human placental ),gt11 cDNA library (generous gift from 
J. Evan Sadier, Washington University, St. Louis, MO) by plaque hybridiza- 
tion (Maniatis et al.,  1982). 
Sequence Analysis and Structure Prediction 
Sequencing  templates were generated by restriction fragment subcloning 
into M13  vectors or  by making  nested deletions with exonuclease  HI 
(Henikoff,  1987). Both strands of all clones were sequenced by the dideoxy 
chain termination technique (Sanger et al., 1977) using the USB Sequenase 
kit. Sequence analysis programs (Molecular Biology Information  Resource, 
Department of Cell Biology, Bayior College of Medicine, Houston, TX) 
and structure prediction programs (Feiner-Moore and Stroud,  1984) were 
used as described. The computer search comparing different sequences  of 
kinesin and kinesin-like  proteins was performed using a Dayhotf scoring 
matrix (Lawrence  and Goldman,  1988). 
Construction of Vectors Expressing Human Kinesin 
Heavy Chain (hKHC) 
Various portions of the human kinesin cDNA were synthesized using PCR; 
the full-length kinesin cDNA clone served as a template.  The 5' PCR oligo- 
nucleotide  in each reaction included an Xba site, the Kozak consensus se- 
quence (Kozak,  1987), and the first 18 bases of the desired segment of the 
coding region.  In the reactions for clones with an epitope tag, the 3' PCR 
oligonucleotide  corresponded to the last 18 bases of the desired coding re- 
gion, 39 bases encoding glycine and proline (as a flexible linker) and then 
vesicular stomatitis virus (VSV) G protein epitope tag (5'-CTTrCCAAG- 
ACGATTCATTTCGATGTCGG~CCC~G-3'),  a  stop codon, and 
the SacI site. The 3' PCR oligonucleotide  for the clones without an epitope 
tag included the last 18 bases of the desired coding region, a stop codon, 
and a BamHI site. The PCR reactions were done under the following condi- 
tions: 10 ng of cesium gradient-purified plasmid DNA was added to a mix 
containing 10 mM Tris, pH 8.3, 50 mM KC1, 2 mM MgC12, 0.01% gelatin, 
0.2 mM dNTE and 50 pmol of each oligonucleotide.  The reactions were 
carried out at 94~  (60 s), 50~  (60 s), 72~  (3 rain), for 30 cycles. The 
PCR products were subcloned into the SV-40 expression vector pSVL51 
using either the XbaI, SacI,  or BamHI sites (Huylebroeck et al.,  1988). 
Cell Culture 
Unless otherwise indicated, CV-1 cells were grown in Duibecco's minimum 
essential  medium supplemented with 10% FCS,  4 mM L-glutamine,  100 
U/ml penicillin, 100 ~g/ml streptomycin,  and 10 ~g/ml gentamicin. Cells 
were maintained at 37~  under a  10% CO2 atmosphere. 
Transient Transfection of CV-1 Cells 
20-24 h before DNA transfer,  70-80% confluent CV-1 cells were seeded 
1:3 or 1:5 on acid-cleaned sterile glass coverslips.  Transfections  were per- 
formed following a DEAE-dextran precipitation method (Friederich et al., 
1989;  Huylebroeck  et  al.,  1988).  In  all  experiments,  cesium  cldo- 
fide-purified plasmid DNA was dissolved to a final concentration of 20 
#tg/ml in minimum essential  medium (with Earle's salts,  25 mM Hepes, 
L-glutamine) (MEM-Hepes, pH 7.15), without serum or sodium carbonate, 
but containing the same antibiotics as above. The DNA/MEM-Hepes solu- 
tion was slowly added to an equal volume of 1 mg/ml DEAE-dextran (mo- 
lecular  mass  500,000;  Pharmacia  LKB  Biotechnology  Inc.,  Uppsala, 
Sweden) in MEM-Hepes (pH 7.25) and incubated for 30 rain at room tem- 
perature after agitation.  Cells were removed from the incubator, rinsed 
twice with MEM-Hepes, pH 7.25, and 100-150/~1  of the DNA/DEAE- 
dextran mixture was added to each coverslip. After a 30-rain incubation at 
room temperature, an excess of MEM-Hepes (pH 7.25)  was added, the 
medium was removed,  and cells were washed twice in the same medium. 
Supplemented Dulbecco's  minimum essential medium containing 0.1 mM 
chloroquine diphosphate (Sigma Chem. Co., St.  Louis,  MO)was added, 
and cells were placed at 37~  for 3--4 h. The chloroquine treatment was 
followed by an overnight exposure of the ceils to 0.1 mM sodium butyrate 
(Sigma Chem. Co.) in supplemented  Duibecco's  minimum essential me- 
dinm. Finally, cells were rinsed extensively with supplemented Dulbecco's 
minimum essential medium and grown for 24--48 h in the same medium be- 
fore being analyzed.  Proteins of the expected sizes were expressed in CV-1 
cells from pSVTall, pSVRod, and pSVRT plasmids when examined by im- 
munoblot analysis using a monoclonal antibody against the VSV G peptide. 
Immunofluorescence Labeling 
24-72 h after DNA transfer,  ceils were rinsed with PBS (140 mM NaC1, 
2.7 mM KCI,  1.5 mM KH2PO4, 8.1 mM NazHPO4, pH 7.2) and fixed by 
sequential  immersions for 4 min each in methanol and acetone at -20~ 
Cells were then immediately rebydrated in PBS before the staining reac- 
tions. When fixation was preceded by permeabilization, ceils were treated 
in either one of the following ways: (a) after rinsing with PBS, coverslips 
were dipped four times for 25 s into four different breakers, each containing 
microtubule stabilizing buffer (80 mM Pipes-KOH,  1 mM EGTA,  1 mM 
MgCI2, pH 6.8),  10% glycerol,  and 0.5%  Triton X-100 (modified  from 
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for  10 rain in  I%  Triton X-100  in the same buffer as above (protocol 
modified  from  Hollenbeck  [1989]).  Both  treatments produced  similar 
results.  Detergent treatment was then followed by methanol-acetone fixa- 
tion. For immunofluorescence  labeling, cells were processed through the 
following steps: (a) incobation with primary antibodies (see below) diluted 
in PBS (2 h); (b) wash with PBS (three to four times for 15 rain); (c) incuba- 
tion  with  affim'ty-purified  Texas  red-conjugated  goat  anti-rabbit IgGs 
and/or FITC-conjugated  goat anti-mouse IgG (Axell  Accurate Chemical 
Sci.  Corp., Westbury,  NY) (45 min; room temperature) (the rat mono- 
cionals were efficiently recognized by the anti-mouse secondary IgGs); (d) 
washes with PBS (3-4 times for 15 rain); and (e) a quick rinse in distilled 
water before mounting. Cells were observed using a photomicroscope Ill 
(Carl Zeiss, Inc., Thornwood, NY) equipped with epifluorescence,  and 
photographs were taken using Tmax 400 film (Eastman Kodak Co., Roches- 
ter, NY). 
The following primary antibodies were used in this study:  (a) a poly- 
clouat serum raised against squid KHC that was affinity purified against the 
bovine brain KHC by the method of Olmsted (1981); (b) monoclonal and 
affinity-purified  polyclonal  antibodies that recognize the COOH-terminal 
10-amino acid epitope of the VSV G protein (Kreis,  1986), which were a 
kind gift from Drs. T. Kreis and R. Duden (EMBL, Heidelberg,  Germany); 
(c) a rat antitubulin mAb (YLI/2) was a kind gift from Dr.  J.  Kilmartin 
(MRC,  Cambridge, England), and; (d) a mAb against vimentin obtained 
from Boehringer Mannheim Corp.  (Indianapolis,  IN). 
Quantitation of the Level of  Kinesin Expression 
The relative levels  of kinesin expression were compared by quantitative 
video analysis. Cells containing the transiently expressed kinesin and/or en- 
dogenous  kinesin were  prepared  for  immunofluorescence  as  described 
above and reacted with the affinity-purified polyclonal antiserum against the 
squid KHC. The fluorescence signal was imaged with a Hamamatsu silicon- 
intensified target camera. The gain of the silicon-intensified  target camera 
was first set so that the fluorescence  signal from endogenous kinesin in the 
untransfected cells was within the linear range of the camera. At this gain, 
the fluorescence  signal from the transfected cells generally saturated the 
camera. To bring the signal within the same linear range,  neutral density 
filters were placed in the epifluorescence  light path. The transmission char- 
acteristics of the filters were calibrated, so that signal could be normalized 
and the relative intensities  from the transfected and nontransfected cells esti- 
mated. The images from the camera were stored digitally and analyzed 
using a Macintosh computer-based image analysis program (IMAGE - ver- 
sion  1.32;  available from the  National Technical  Information Service, 
Springfield,  VA). The average fluorescence intensities were measured for 
cells whose boundaries were marked manually. 
SDS Gel Electrophoresis and lmmunoblot Analysts 
Proteins of total homogenates of CV-1 cells were separated on polyacryl- 
amide gels under denaturing and reducing conditions (Laemmli, 1970) and 
immunoblotted (Towbin  et al.,  1979).  Immunolabeling was  performed 
using 5% nonfat dry milk, I0 mM Tris, pH Z4, 150 mM NaC1, and 0.1% 
Tween-20  for all washes and incubations. Rabbit antibodies were detected 
by  12sI-conjugated protein A  (Amersham Corp.,  Arlington Heights,  IL) 
and autoradiography. 
Results 
Isolation of  an hKCH cDNA 
To obtain a hKHC cDNA, a nucleotide probe for screening 
cDNA libraries was first obtained by PCR. After comparing 
sequences of the Drosophila and squid KHC genes, two 128- 
fold degenerate pools of primers were synthesized based 
upon a  highly conserved 35-amino acid sequence in the 
COOH-terminal domain (see Materials and Methods). With 
these primers, a unique fragment of the expected size (69 bp) 
was generated using first-strand eDNA derived from MDCK 
cells as a template. The sequence of this amplified DNA was 
•75%  identical at the nucleotide level and 100%  identical 
at the amino acid level to the corresponding region of the 
squid (Kosik et al.,  1990)  or the Drosophila KHC genes 
(Yang et al., 1989), suggesting that the PCR product encoded 
a portion of a mammalian KHC gene. 
The PCR-generated DNA fragment was used to screen a 
human placental hgtll cDNA library. A 1.5-kb clone (M-IK-3) 
obtained from the initial screen contained a large open read- 
ing frame that showed considerable homology to the COOH- 
terminal half of the squid and Drosophila KHCs and con- 
tained the  sequence of the PCR  fragment that was  used 
as the probe.  Rescreening of the library with a 5' EcoRI- 
NcoI fragment of this partial clone produced a 3-kb clone 
(XHK-21), which contained the sequences of ),HK-3 as well 
as an additional t,250 nucleotides of coding sequence and 
250 nucleotides in the 3' untranslated region. Since )~HK-21 
did not encode a full-length KHC, a third screening using the 
5' NcoI-ApaLI fragment of XHK-21 was performed. This 
screen yielded a 1.4-kb clone (XHK-H8),  which had a 700- 
nucleotide overlap with the 5' end of XHK-21, the 5' end of 
the coding sequence, and 313 nucleotides of the 5' untrans- 
lated region. Another clone was later obtained that was iden- 
tical to XHK-H8, except that it contained an additional 127 
nucleotides at the 5' end of the untranslated region. A hKHC 
eDNA (3.7 kb) containing the entire coding region as well 
as 313 bp of 5' uncoding sequence and 482 bp of 3' uncoding 
sequence (including an 82-base poly[A] tail) was created by 
joining XHK-H8 and XHK-21 together using a common PstI 
site. 
Sequence Analysts and Comparison 
The largest open reading frame (ORF) of the hKHC eDNA 
encodes a polypeptide of 963 amino acids (Fig. 1), which is 
similar in size to Drosophila (975  aa; Yang et al.,  1989), 
squid (967 aa; Kosik et al., 1990), and sea urchin (1,031 aa; 
Wright et al., 1991) KHCs. The amino acid and nucleotide 
sequences are accessible through Genbank (accession num- 
ber X65873). The amino acid sequence of hKHC displays a 
considerable  identity throughout  its  length  to  the  inver- 
tebrate KHCs (63 % when compared with Drosophila) (Fig. 
1). Even where amino acid sequences are different, many of 
the changes are conservative in nature. Secondary structure 
predictions using the method of Finer-Moore and Stroud 
(1984) also suggest that hKHC has an overall domain organi- 
zation similar to that of previously described invertebrate 
KHCs (Yang et al., 1989; Kosik et al., 1990).  Amino acids 
1-413 of human kinesin (which contain a consensus sequence 
for ATP binding [aa 85-101]) are predicted to form a globular 
domain containing both c~ helices and ~ sheets. Adjacent to 
this putative motor domain is a long stretch of amino acids 
(aa 414-890; the rod domain) containing heptad repeats with 
hydrophobic amino acids prevalent in positions 1 and 4. The 
amphipathic nature of the helix is broken between residues 
566 and 582 (the hinge region of  the rod domain) and is weak 
between residues 460 and 470, 730 and 770, and 815 and 
835. The COOH-terminal domain of hKHC (aa 890-963) is 
predicted to contain o~ helices, ~ sheets, and turns, which are 
suggestive of a more globular configuration. Based upon the 
high degree of primary and secondary structure similarities 
with invertebrate KHCs, we believe that our cloned eDNA 
encodes a human homologue of the KHC. 
KHCs have not been found to share homology with a vari- 
ety of kinesin-like proteins outside of their motor domains. 
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"S'R~  "  "VSA  VNAE  EK'R  "E'LRSMFDS'MDEL''A'TR'V'E  ....  IA''OHEMDEMK'V 
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￿9  M.N.  OI.K...A.  EIRLTDOEDKKREEEDKMOS*T.MOASMSE,ME.-ODA  ....  LAN,*T,INE.EHOMEE,K.V 
NOKMMLEOERLRVEHEKLKATDOEKSRKLHELTVMQDRREOARODLKGLEETVAKELOTLHNLRKLFVODLATRVKK 
H''LL'AHOOMTADY~  ......  K  ......  D  ....................  OO'IR" 
"'RLS'AL*K'OADYD'''QEEV''AA''AD'SLQI  ......  K  ............................ ONK*'" 
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NVVN'ESEE  ....  L  .......  "  .....  D  ............................ C'M  .......  T  .......  G 
SCSKT'EEDE  ....  N  ..........  *  .................................. M ....  $  ......  D'''G 
ALE  GGDRD''S'''O  ...................................... R  .....  S  .......  MS'''T''G 
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Figure 1. Alignment of the human and invertebrate KHC sequences. The three invertebrate KHCs-Drosophila  (D), squid (S), and sea 
urchin (U)-were compared with the human (H) KHC sequence. Amino acids are numbered in the left margin. The one-letter amino 
acid code is used. Asterisks represent amino acid identities between a given invertebrate sequence and human. Blank spaces represent 
gaps that were introduced to maximize homology. 
We reexplored this issue by aligning smaller segments of the 
hKHC with the kinesin-like genes bimC (Enos and Morris, 
1990),  KAR3  (Meluh and Rose,  1990),  cut7 (Hagan and 
Yanagida,  1990),  uncl04 (Otsuka et al.,  1991),  ncd (Mc- 
Donald and Goldstein,  1990; Endow et al.,  1990), and nod 
(Zhang et al.,  1990).  Our analyses revealed  that bimC of 
Aspergillus (but none of the above kinesin-like proteins) con- 
tained segments of homology with the KHCs (Fig. 2). Two 
regions of similarity were noted. The first was a  14-amino 
acid stretch within the highly conserved end of the rod (aa 
780-793 in human), which has seven identical residues, and 
three conservative changes in common with a region in the 
tail of bimC (aa 730-743).  Another segment of 23  amino 
acids  in the tail of KHC  (aa 891-913  in human) also dis- 
played significant homology to a region in the globular tail 
of bimC (aa 789-811). These findings suggest that the tail do- 
mains  of bimC and  the KHCs  of higher eukaryotes have 
regions that may perform similar functions. 
The 5'-untranslated region of hKHC has several features 
that are  rarely  found in eukaryotic mRNAs.  This  region, 
which is at least 440 nucleotides long, is longer than the 5' 
untranslated  regions  found  in  most  mammalian  mRNAs 
(Kozak,  1987).  It also contains unusually long stretches of 
G-C rich sequence (89.5 % for nt -7 to -44, 75 % for nt -53 
to  -96;  85.4%  for nt  -113  to  -160;  and  84.2%  for nt 
-227 to -283) that may have the potential to form extensive 
secondary structure. The most unusual feature of the 5'-un- 
translated region, however,  is the presence  of three AUGs 
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hI~HC  789  ~IDILIKI  ~:  [KID[LIK]  ~'  ~[DILIKIG~!E~A~A K  uKHC  775  G :ii E  K E 
dKHC  801  G  E .........  K 
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dKHC  913  K BY QY~'I~ D R  ;  ;KIE[A V[RIQIKIH L GIR[ 
Figure 2. Nonmotor region comparison between the KHCs and the 
kinesin-like protein bimC. Comparison of the COOH-terminal do- 
main of the human (hKHC), sea urchin (uKHC), squid (sKHC), 
and Drosophila (dKHC) KHCs to the nonmotor domains of bimC 
yielded  these  two regions  of potentially  meaningful homology. 
Amino acids are numbered in the left margin. Amino acid identity 
between bimCand any of  the conventional KHCs is shown as a box. 
Shading indicates a conservative amino acid change. The SD scores 
for the upper and lower regions are 2.8 and 2.1, respectively, which 
indicates the number of SDs from that expected by a chance occur- 
rence. 
upstream from the KHC start codon (at nt -226,  -21% and 
-214) followed by an in-frame termination codon at nt -203 
(GCC  GCCGCCA~  CA'IGAIGGA'rC~GIGA). 
This small open reading frame could encode a polypeptide 
of no more than eight amino acids. The first AUG of the up- 
stream ORF is contained within a consensus initiation se- 
quence (GCCGCCPuCCAUGG;  [Kozak,  1987]). 
Transient Expression of the hKHC Gene in CV-1 Cells 
To study the interaction of  different domains of  the KHC with 
cytoplasmic structures, we expressed the hKHC gene or por- 
tions of the gene in CV-1 monkey kidney epithelial cells and 
examined the localization of the expressed proteins by im- 
munofluorescence microscopy.  Constructs  containing  the 
hKHC  gene were prepared in  the pSVL51  vector,  which 
drives  expression from a  late SV-40  promoter and  which 
replicates in CV-1 cells by virtue of expressing the SV-40 
large T  antigen.  Constructs containing the following por- 
tions of the hKHC gene were used in this study: (a) the entire 
coding region of hKHC (pSVKin; aa 1-963), (b) the motor 
domain (pSVMot; aa 1-426),  (c) a portion of the a-helical 
rod domain (pSVRod;  aa 511-766),  (d)  the strongly con- 
served COOH-terminal portion of the a-helical coiled coil 
rod and  the  tail  domain  (pSVTail;  767-963),  and  (e) the 
COOH-terminal half of the protein containing the majority 
of the rod and the entire tail domain (pSVRT; 511-963). To 
localize the expressed protein unambiguously,  nucleotides 
encoding the last 10 amino acids of the VSV G protein fol- 
lowed by a termination codon were added to the 3' end of the 
above constructs. Monoclonal and polyclonal antibodies that 
recognize this peptide specifically (Kreis,  1986) were used 
to determine the location of the expressed protein by im- 
munoffuorescence. 
Before examining the localization of the expressed hKHC, 
the distribution of the endogenous kinesin protein in CV-1 
cells  was  determined using  an afffinity-purified  polyclonal 
anti-KHC  serum  (originally  prepared  against  SDS-POly- 
acrylamide gel denatured squid KHC). By immunoblot anal- 
ysis, the affinity-purified polyclonal antibody recognized a 
single 120-kD polypeptide in CV-1 crude extracts, which is 
Figure 3. Immunofluorescence distribution of endogenous kinesin 
in nontransfected CV-1 cells (A) An immunoblot showing that an 
anti-KHC polyclonal antibody recognizes a unique band in a total 
homogenate of CV-I cells (lane B; loading of 40/zg protein) which 
comigrates with purified bovine brain kinesin (lane A; loading of 
1.5/zg protein). The migration of molecular weight standards are 
noted at the left. (B) Localization of endogenous kinesin in CV-1 
cells as demonstrated by indirect immunofluorescence, using the 
same polyclonal serum  as in A.  CV-1 cells were grown to sub- 
confluence on glass coverslips and fixed by methanol-acetone  at 
-20~  Bar, 1 /~m. 
the size expected for the KHC  (Fig.  3 A).  At a  threefold 
greater protein loading, a very faint 45-kD band was also de- 
tected (not shown), which is the same size as a common pro- 
teolytic fragment of  kinesin (Kuznetzov et al., 1989; Scholey 
et al.,  1989).  Immunofluorescence staining with the poly- 
clonal antibody after methanol-acetone fixation revealed a 
diffuse  distribution  with  some  reticular  features;  neither 
filamentous nor vesicular staining was detected (Fig. 3 B). 
The faint reticular staining was retained after treatment with 
saponin (0.02%),  but was  substantially reduced by Triton 
X-100 (0.5 %) permeabilization before fixation (not shown). 
This distribution of kinesin in nonextracted cells is similar 
to that reported by Hollenbeck (1989)  in chicken embryo 
fibroblasts. 
When CV-1 cells were transfected with pSVKin and fixed 
by methanol-acetone 24 h  later,  a  strong immunofluores- 
cence signal with the anti-VSV G peptide antibody was de- 
tected in ,~10% of the cells, which are the ones believed to 
have been transfected with the plasmid (Fig. 4). The fluores- 
cent signal from the remainder of the cells was extremely 
faint and only slightly greater than that produced by second- 
ary antibody alone. This same weak staining is seen in cells 
that  did  not undergo the transfection procedure and  thus 
probably represent untransfected cells in the population. 
The distribution of hKHC expressed from pSVKin was 
somewhat different from that described above for the endog- 
enous protein. A large amount of the expressed heavy chain 
was  diffusely distributed throughout the  cytoplasm;  how- 
ever, a filamentous pattern superimposed upon this diffuse 
staining was visible in most cells (Fig. 4 A). Filaments were 
not obvious in some cells, perhaps because of their promi- 
nent background staining.  Filamentous patterns were also 
observed when the kinesin COOH-terminal tail (pSVTail) 
was expressed in CV-1 cells (Fig. 4 C). The filamentous pat- 
terns  of the  expressed  KHC  and  the  KHC  tail  domain 
coaligned with microtubules in these cells (Fig. 4, B and D). 
On the other hand, the kinesin rod domain (pSVRod) and the 
motor domain (pSVMot) displayed only a diffuse staining 
Navone  et  al.  Expression of the Human Kinesin Heavy Chain  1267 Figure 4. Indirect immunofluorescence of CV-1 ceils expressing  the entire KHC or portions of the KHC. Cells were tran_sfected with the 
following constructs: (A and B) pSVKin; (C and D) pSV'I~; (E and F) pSVRxxl; (G and H) pSVMot. All cells were fixed 24 h after 
transfection  in methanol-acetone at -20~  Cells were then double-labeled  for the expressed  kinesin proteins  with rabbit polyclonal IgG 
against the VSV G peptide epitope (C, E, and G) and for tubulin with a monoclonal rat IgG (B, D, F, and/'/). In A, the expressed  kinesin 
was visualized  with the antikinesin  polyclonal antibody; similar results  were obtained with this construct with the anfi-VSV G peptide 
polyclonal antibody. While the antitubulin antibody labels microtubules in all cells, the anti-VSV G peptide or antikinesin antibody produces 
an intense  staining  only in the transfected  cells.  In ceils  transfected  with pSVKin (A) and PSVTall (C), the expressed  kinesin  proteins 
show a diffuse or faintly reticular distribution  throughout the cytoplasm; superimposed on this pattern, filamentous  staining is also evident 
(,4 and C, arrows) which coincides with microtubules (B and D, arrows). In cells transfected  with pSVRod (E) and pSVMot (G), the ex- 
pressed proteins are distributed  throughout the cytoplasm and, in both cases, filamentous patterns were not observed. A greater percentage 
of transfected  cells had multiple  nuclei than untransfected  cells,  as shown in this  figure. Multinncleate  and uninucleate  transfected  cells, 
however,  showed similar distributions  of the expressed  kinesin proteins.  Bars,  2/~m. 
The Journal of Cell Biology, Volume 117, 1992  1268 Figure 5. Indirect immunofluorescence micrographs illustrating  the distribution  of expressed  kinesin proteins in CV-1 cells after detergent 
permeabilization.  Cells were transfected  with the following constructs: (A and B) pSVKin; (C and D) pSVTail;  (E and F) pSVRod; (G 
and H) pSVMot. Cells were permeabilized with either 0.5 % or 1% Triton X-100 in 80 mM Pipes,  1 raM EGTA, and 1 mM MgCI2 before 
fixation in methanol-acetone at -20~  Cells were then double-labeled  for the expressed kinesin proteins with the polyclonal anti-G protein 
epitope antibody (A, (7, E, and G) and for tubulin with the rat monoclonal (B, D, F, and H). In cells transfected  with pSVKin (A) and 
pSVTail (C), treatment with Triton X-100 before the methanol-acetone fixation greatly reduces the diffuse and reticular staining  of the 
cytoplasm which was evident  in Fig. 7 (compare Fig. 7, A and C, with Fig.  8, A and C). The filamentous  staining  pattern for pSVKin, 
pSVTail, and pSVMot expressed proteins and the coalignment with microtubules is clearly evident (A-D, G, and H, arrows). In cells trans- 
fected with pSVRod that were Triton X-100 permeabilized before fixation, very few cells were found that displayed a strong immunofluores- 
cence staining,  probably because the  soluble protein was removed by detergent  treatment.  The few  cells  that had a  prominent im- 
munofluorescence signal displayed an aggregated  but not a filamentous  staining  pattern (E). The fine particulate  immunofluorescence in 
E  is probably due to artefacmai  precipitation of the expressed  protein.  Bars,  2 #m. 
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enzyme fl-galactosidase when expressed in CV-1 cells (not 
shown). 
The localization of the expressed protein from pSVKin 
and pSVTail to filamentous cytoplasmic elements was clear 
in virtually all cells when soluble and membrane proteins 
were first extracted with Triton X-100 before fixation with 
methanol-acetone (Fig. 5, A and C). Saponin permeabiliza- 
tion and glutaraldehyde fixation produced identical results 
(not shown). The coalignment of these filamentous elements 
with microtubules also became more apparent after permea- 
bilization (Fig. 5, B and D). The endogenous kinesin in un- 
transfected cells did not show this filamentous distribution 
when fixed using a similar protocol. Such filamentous stain- 
ing was also not observed with the expressed protein from 
pSVRod; in fact, very few immunoreactive cells could be de- 
tected,  probably because the  rod was  soluble and hence 
washed away by the detergent treatment. In the few cells 
where immunoreactivity was detected, an aggregated but not 
a  filamentous pattern was observed (Fig. 5,  E  and F).  A 
small percentage (10%) of transfected cells exhibited large 
punctate staining suggestive of aggregated protein, regard- 
less of the construct used or the fixation conditions. 
After Triton X-100 permeabilization, the expressed motor 
domain demonstrated a filamentous staining that colocalized 
with microtubules (Fig. 5, G and H). This filamentous pat- 
tern, however, was not detected when 5 mM MgATP was in- 
eluded in the Triton X-100 permeabilization buffer; in this 
case,  extremely few immunoreactive cells were observed, 
presumably because the motor domain was soluble and was 
washed away (not shown). Such ATP-dependent binding of 
the motor domain to cytoplasmic microtubules is consistent 
with biochemical experiments demonstrating that the motor 
domain exhibits a high affinity for microtubules only in the 
absence ofATP (Yang et al., 1989; Kuznetsov et al., 1989). 
The cellular concentrations of ATP probably account for 
why the motor domain does not localize to microtubules af- 
ter direct methanol-acetone fixation (Fig. 4 G). Inclusion of 
5 mM MgATP in the permeabilization buffer did not affect 
the colocalization of the tail domain with microtubules. 
To be certain that the 10-amino acid VSV G protein epi- 
tope tag did not influence the distribution of the expressed 
proteins, the pSVKin and pSVRT constructs were prepared 
without the  epitope tag  and the expressed proteins  were 
localized with the affinity-purified  anti-KHC polyclonal anti- 
body.  The  immunofluorescence signal obtained from the 
transfected cells was significantly greater than that of cells 
expressing only the endogenous kinesin, and thus the distri- 
bution of the expressed protein could be easily established. 
The immunofluorescence  pattern observed for the expressed 
proteins without the epitope tag was indistinguishable from 
those shown in Figs. 4 and 5 (data not shown). Thus, we con- 
clude that the 10 amino acids of  the vesicular stomatitis virus 
G protein do not influence the distribution of the expressed 
kinesin proteins. 
We also examined whether the level of KHC expression 
affected  its  distribution,  pSVKin-expressed  protein  was 
compared  to  the  endogenous  KHC  by  performing  im- 
munofluorescence with the kinesin polyclonal antibody, im- 
aging the cells with a video camera, and analyzing the rela- 
tive  intensities  of stored  digital  images  of cells  using  a 
computer program (see Materials and Methods). The ma- 
jority of the cells (90%) had a low and fairly similar fluores- 
cence signal attributable to the endogenous kinesin in the un- 
transfected cells (100 cells analyzed). The transfected cells 
(10% of the population) had a much greater fluorescence sig- 
nal; the fluorescence signal from 26% of  the transfected cells 
was between 4- and 10-fold greater than that of untransfected 
cells, the signal from 47.3 % of  cells was 10-100-fold greater, 
and the signal from 26.7%  of the cells was  100-500-fold 
greater (116 ceils analyzed in total). All transfected cells ex- 
hibited both a cytoplasmic and a filamentous distribution of 
the expressed kinesin, regardless of the level of expression. 
In general, the cells expressing low levels of kinesin (four- 
to  sixfold greater  than  endogenous kinesin)  showed less 
numerous and more dimly stained filaments compared with 
high expressing cells, but these filaments were still always 
superimposable with microtubules. Thus, colocalization of 
the expressed KHC with microtubules was observed over a 
wide range of expression levels. 
The transfected cells were generally larger (an average of 
2.9-fold greater surface area) and more frequently binucleate 
than the untransfected cells.  However,  many of the trans- 
fected cells were small and contained only one nucleus; nei- 
ther the size nor number of nuclei in the cell appeared to be 
correlated with the level of kinesin expression. Furthermore, 
the  distribution  of the  KHC  or  KHC  domains  was  not 
influenced by cell size. 
The Filamentous Elements That Colocalize with 
Protein Expressed by pSVKin, pSVTail, and pSVRT 
Are Cytoplasmic Microtubules 
As intermediate filaments often show a similar distribution 
to microtubules (Hynes and Destree,  1978;  Geuens et al., 
1983),  we examined whether the filamentous staining pat- 
tern of the expressed KHC proteins reflects  an interaction 
with intermediate filaments. Fig. 6, A and B, shows that the 
rod-tail protein (pSVRT),  like the tail domain and the entire 
KHC, demonstrated a filamentous staining pattern that very 
closely reflected the microtubule distribution in the trans- 
fected cells. When transfected cells were double labeled with 
antivimentin antibodies, on the other hand, the expressed 
rod-tail domain colocalizes extensively but not entirely with 
vimentin intermediate filaments (Fig. 6, C and D). The lack 
of colocalization is particularly evident in the periphery, 
where the vimentln filament network had partially collapsed 
towards the cell center. This partial collapse was more com- 
mon in the transfected than the untransfected cells (Fig. 6 D), 
which could be due to the expressed kinesin tail interfering 
with a kinesin-driven extension of intermediate filaments to- 
wards the periphery along microtubules (Gyoeva and Gel- 
fand, 1991). 
To further establish that the expressed KHC colocalizes 
with cytoplasmic microtubules, its distribution was exam- 
ined after taxol or nocodazole treatment. A brief nocodazole 
treatment (20 min;  10 #M) was used to depolymerize the 
majority of the cytoplasmic microtubules (Fig.  7 A); this 
short incubation did not collapse the intermediate filament 
network. The microtubules that remained intact (many of 
which were in the perinuclear region) probably correspond 
to a subset of stable microtubules that have been described 
in other studies (Schulze and Kirschner, 1987; Kreis, 1987). 
The expressed KHC (pSVKin) colocalized with the nocoda- 
The Journal of Cell Biology,  Volume  117, 1992  1270 Figure 6. Distributions of microtubules, vimentin filaments, and the expressed kinesin tail (pSVRT) in CV-1 cells. All cells were fixed 
with methanol-acetone  at -20~  and double-labeled with the following primary antibodies: polyclonal IgG against the VSV G protein 
epitope (A and C), monoclonal rat IgG against tubulin (B), and monoclonal mouse IgG to vimentin (D). The pattern of immunofluorescence 
for the expressed kinesin protein (A and C) shows a filamentous distribution similar to that of microtubule (B), but different from the 
one of intermediate filaments (D). In A, a diffuse immunofluorescence is observed throughout the cytoplasm similar to the staining obtained 
for pSVKin and pSVTail in the same fixation conditions and shown in Fig. 7, A and C. Such diffuse immunofluorescence is less evident 
in C probably because of a better extraction obtained in these ceils with methanol-acetone.  Individual filaments decorated by the VSV G 
peptide antibody appear to coalign with single microtubules (arrows in A and B), but not with intermediate filaments. Bar, 2/~m. 
zole-resistant microtubules surrounding the nucleus (Fig. 7 
A); the filamentous staining of  KHC which normally extends 
towards the periphery in the transfected cells, (Figs. 5 A and 
7  E)  was  no longer observed after nocodazole treatment. 
With  a  longer nocodazole incubation (1-2 h),  neither mi- 
crotubule nor filamentous KHC  staining was evident (not 
shown). Taxol (20 t~M) causes the polymerization of  noncen- 
trosomal microtubules, which often become bundled (Fig. 7 
D) (DeBrabander et al.,  1981).  In transfected ceils treated 
with taxol, the pSVKin expressed protein colocalized with 
the taxol-induced microtubule bundles (Fig.  7,  C and D). 
Similar changes in the distribution of the tail domain ex- 
pressed from pSVTail were observed after nocodazole and 
taxol treatment (not shown).  The change in distribution of 
the pSVKin and pSVTail expressed proteins after taxol or 
nocodazole treatment further supports the notion that these 
proteins interact with cytoplasmic microtubules or micro- 
tubule-associated proteins. 
Cells  transfected with pSVKin frequently displayed un- 
usual spatial arrangements of cytoplasmic microtubules that 
were rarely seen in the untransfected cells. In untransfected 
cells or cells expressing the motor, tail, or the rod-tail do- 
mains,  microtubules  generally  emanate  from  the  cen- 
trosomal region of the cell and extend towards the periphery 
(Fig. 5, D, F, and H). In ,x,50%  of the cells expressing the 
entire KHC, the connection of microtubules to the centro- 
some was less obvious and the microtubules seemed more 
disorganized than those in the nontransfected ceils (Fig. 7 E 
and F). 
Discussion 
Comparison of  Human and Invertebrate 
KHC Sequences 
In this study, we have cloned and characterized the gene en- 
coding the human homologue of the KHC. Comparisons of 
the human  KHC  sequence with Drosophila (Yang  et al., 
1989), squid (Kosik et al.,  1990), and sea urchin (Wright et 
al.,  1991) KHC sequences reveal a high level of amino acid 
sequence identity over the entire molecule. The degree of 
similarity between the invertebrate and mammalian KHCs is 
particularly striking in the motor domain, where very long 
stretches of nearly 100% amino acid identity are observed. 
These domains of high conservation presumably play impor- 
tant roles in ATP hydrolysis, microtubule binding, and force 
production. The COOH-terminal tail domain also displays 
extensive segments of nearly complete identity, indicating 
that it must serve an important, although still unidentified 
function.  This region has  been proposed to  interact with 
light chains, organelles, and possibly microtubules. The rod 
displays significantly less primary sequence homology, ex- 
cept at its COOH-terminal end, which is almost identical in 
all of the cloned KHCs. 
Navone et al. Expression of the Human Kinesin Heavy Chain  1271 Figure 7. Immunofluorescence  localization of the microtubules and the expressed pSVKin after nocodazole or taxol treatment of CV-1 cells 
transfected with pSVKin. In A and B, cells were incubated for 6 min in the presence of 10 #M nocodazole; in C and D they were treated 
with 20/~M taxol (National Cancer Institute) for 2 h (both at 37~  Cells in E and F did not receive any drug treatment. All cells were 
permeabilized with 0.5% Triton X-100 in 80 mM Pipes, 1 mM EGTA, 1 mM MgCI2  and then fixed in methanol-acetone at -20~  Cells 
were double-labeled for the expressed kinesin with the polyclonal anti-VSV G protein epitope antibody (A, C, and E) and for tubulin with 
the rat rnonoclonal antibody (B, D, and F). The pattern of distribution of the expressed KHC appears very similar to that of microtubules 
even when the organization of the microtubular network is modified by nocodazole or taxol treatments. In A, filaments decorated with 
the expressed kinesin coincide with microtubules in B that have not yet depolymerized (see arrows for an example). In C and D, taxol- 
induced microtubules bundles coincide with localization pattern seen with the anti-VSV G peptide antibody. Cells transfected with pSVKin 
often show a disorganized microtubule network that does not originate from the centrosomal area (E and F). The distributions of the ex- 
pressed kinesin protein and tubulin again appear to coincide. Bars, 2 ~rn. 
We have also found two short stretches (14 and 23 amino 
acids)  of sequence  homology between  the  nonmotor do- 
mains  of the  KHCs  and  birnC (a  kinesin-like  gene  from 
AspergiUus [Enos and Morris, 1990]) that were not noted in 
previous  sequence  comparisons.  In  the  14-amino  acid 
stretch  located  at  the  COOH-terminal  end  of the  human 
KHC rod domain, 10 amino acids are either identical or are 
similar to those found within a region of the nonmotor do- 
main ofbimC. In contrast, no sequence homologies were ob- 
served between the nonmotor domains of the KHCs and a 
variety of other kinesin-like motor proteins.  Although the 
regions  of sequence  similarity  between human  KHC and 
Aspergillus bimC are relatively small, they nonetheless sug- 
gest that the nonmotor domains of these two proteins may 
have a  similar property or function. 
We have also identified an upstream ORF and a G-C rich 
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may be important for translational regulation. The upstream 
ORF (nt -226 to -203) contains three tandemly arranged 
potential start codons which are in the same reading frame; 
the nucleotides surrounding the first start codon form a per- 
feet consensus sequence for ribosomal initiation of transla- 
tion (Kozak, 1987).  Upstream AUG codons are rare among 
eukaryotic mRNAs and are not found in the published 5' un- 
translated regions of  Drosophila, squid, and sea urchin kine- 
sins. The ability of upstream ORFs to regulate mRNA trans- 
lation has been most clearly shown for GCN4, a yeast gene 
involved in the control of amino acid biosynthesis (for re- 
view see Hinnebusch, 1990).  In mammalian systems, AUG 
codons introduced into the 5"untranslated region of mRNAs 
can significantly reduce expression of the downstream read- 
ing frame (Kozak, 1984; Liu et al., 1984). In addition to the 
upstream ORF, the human KHC 5'-untranslated region con- 
tains regions that are very G-C rich, a characteristic that at 
least in one case (the c-sis/PDGF 2 transcript) has been shown 
to inhibit translation (Rao et al., 1988). The presence of up- 
stream AUGs and G-C rich regions in the 5'-untranslated re- 
gion of kinesin mRNA may pose an obstacle to initiation by 
a ribosome scanning mechanism and could signify internal 
initiation of translation, as has been documented for mRNAs 
encoding BiP (Macejak and Sarnow,  1991) and polio virus 
proteins  (Pelletier  and  Sonnenberg,  1988).  Since  inver- 
tebrate KHC cDNAs have neither upstream ORFs nor the 
G-C rich leader sequence, it is possible that vertebrates have 
acquired a  means of regulating kinesin expression at the 
translational level. 
Interaction of the Kinesin Motor and Tail Domains 
with Cytoplasmic Microtubules 
Although a good deal is known about the properties of ldne- 
sin's motor domain, the functions of the remainder of the 
molecule are poorly understood.  Based upon the overall 
structure of kinesin (Amos,  1987; Hirokawa et al.,  1989; 
Scholey et al., 1989), the tail is thought to function as an at- 
tachment domain,  anchoring  kinesin  to  macromolecular 
structures that are to be transported along microtubules. The 
fact that the tail domain shows the same degree of amino acid 
homology as  the  motor  domain  amongst  kinesins  from 
different species implies a conserved function, possibly that 
of  binding to specific target proteins. One of its binding part- 
ners is the ldnesin light chain, which has been localized by 
electron microscopy to the kinesin tail (Hirokawa et al., 
1989).  However, the tail domain of the KHC may likely in- 
teract with other proteins that are important for the biologi- 
cal activities of this motor protein. 
In this study, we have found that the KHC and the KHC 
tail domains expressed in CV-1 cells colocalize with cyto- 
plasmic microtubules but not with vimentin filaments. The 
distribution  patterns  of these  expressed  proteins  and  of 
microtubules change in similar ways when cells are treated 
with taxol or nocodazole, reinforcing the notion that these 
expressed proteins interact with microtubules and not some 
other cytoplasmic filamentous network. The expressed KHC 
proteins containing the tail domain also show a soluble dis- 
tribution, suggesting possibly that these expressed proteins 
have a relatively weak affinity for microtubules in a cellular 
environment. 
The expressed motor domain also associates with cyto- 
plasmic microtubules, but only after detergent permeabiliza- 
tion in a nucleotide-free buffer.  This treatment most likely 
produces a rigor-like association between kinesin and the cy- 
toplasmic microtubules. The finding that the motor domain 
does not localize to microtubules in cells fixed in metha- 
nol-acetone or in cells permeabilized with Triton X-100 and 
MgATP indicates that the expressed motor domain exhibits 
normal ATP-sensitive  microtubule binding. The localization 
of  the tail domain with microtubules, on the other hand, does 
not seem to be influenced by ATP, suggesting that its interac- 
tion with microtubules is not nucleotide sensitive. 
An important concern is whether the interaction of the 
kinesin tall domain with microtubules reflects a specific and 
biologically meaningful interaction. Microtubule colocali- 
zation of the expressed proteins was observed with or with- 
out Triton X-100 permeabilization and under two different 
fixation conditions, indicating that this localization pattern is 
not a fixation artefact. Furthermore, the expressed kinesin 
rod domain and the cytoplasmic enzyme B-galactosidase are 
both randomly distributed throughout the cytoplasm and do 
not colocalize with microtubules, suggesting at least some 
specificity of the interaction between the tail domain and 
microtubules. 
The levels of kinesin expression from the vector pose an- 
other possible concern. Quantitative video analysis reveals 
that expression levels  vary by more than 100-fold between 
different cells. Microtubule colocalization, however, is evi- 
dent in cells expressing low as well as high levels of protein, 
indicating that it is not a consequence of very high overex- 
pression. The lowest level of kinesin expression in the trans- 
fected cells, although fourfold greater than the endogenous 
kinesin levels, is also not necessarily beyond physiological 
concentrations. Hollenbeck (1989)  has shown that kinesin 
levels in sympathetic neurons axe eighffold  greater than those 
in epidermal fibroblast cells and such levels  are probably 
comparable to those found in some of the transfected cells. 
Although these levels may be physiological in neurons, one 
can not rule out the possibility that the different localization 
patterns of the endogenous and expressed ldnesins in CV-1 
cells is due to their different expression levels. For example, 
additional factors (e.g., light chains) could be needed for the 
proper  localization  of  KHC  and  their  levels  may  be 
insufficient to complex with the KHC or KHC tail domain 
produced by the expression vector.  Different localization 
patterns could also occur if the endogenous and transfected 
KHCs are products of distinct genes. 
Whether the expressed kinesin tail domain is binding to 
microtubules or indirectly to microtubule-associated pro- 
teins is not clear. Several studies with purified kinesin, how- 
ever, suggest that kinesin's tail domain can bind directly to 
microtubules. After examining ldnesin bound to microtu- 
bules with AMP-PNP by electron microscopy, Amos (1987), 
Hisanaga et al.  (1989),  and Andrews,  B.,  P.  Gallant, B. 
Schnapp, and T. Reese (personal communication) all sug- 
gested that the tall as well as the motor domain can bind to 
microtubules in vitro. The dark-field scanning transmission 
electron microscopy study by Andrews et al. clearly shows 
that  single  kinesins  can  crossbridge  two  microtuhules 
through interactions at opposite ends of the molecule. The 
Drosophila kinesin tall domain produced by in vitro transla- 
tion did not cosediment with microtubules under the condi- 
tions used in these experiments (Yang et al., 1989); however, 
the bacterially expressed COOH-terminal domain of the sea 
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bules in an ATP-independent manner (Skoufias, D., and J. 
Scholey, personal communication). Thus, our observations, 
taken together with the above in vitro experiments, suggest a 
microtubule-binding activity of the kinesin COOH-terminal 
tail domain. 
The nonmotor domains of other kinesin-like molecules 
may also bind to microtubules. This has been demonstrated 
most convincingly for the  NH~-terminal  (nonmotor)  do- 
main of KAR3, which when expressed as a ~-galactosidase 
fusion protein  in yeast colocalized with cytoplasmic mi- 
crotubules  (Meluh and  Rose,  1990).  Although the  NH2- 
terminal  domain  of  KAR3  (aa  1-109) and  the  COOH- 
terminal domain of hKHC (890-963)  share no sequence 
similarity, they both contain a large number of basic (His, 
Arg, Lys: 21% in KAR3 and 25% in hKHC) and proline (8% 
both in KAR3 and hKHC) residues and relatively few acidic 
(Asp, Glu: 5.5% both in KAR3 and hKHC) residues; these 
features are common in other microtubule-binding proteins 
(Lee et al.,  1989;  Lewis et al.,  1988). 
Since kinesin is thought to transport organelles, our ex- 
pectation was that the expressed KHC or its tail domain 
would  colocalize  with  cytoplasmic  membranes.  Several 
difficulties, however, make it difficult to assess whether any 
of  the expressed KHC is associated with membranes in these 
experiments. First, a weak membrane association, similar to 
that of endogenous kinesin,  would be  difficult to  detect 
amidst the more prominent levels of soluble and microtubule- 
associated kinesin protein in the transfected cells. Further- 
more, an association with small membrane vesicles would be 
difficult to discern because of the presence of small punctate 
aggregates of expressed kinesin that arise possibly as an ar- 
tefact of fixation or overexpression. 
Although the results presented in this study do not resolve 
whether kinesin associates with membranes, the localization 
of the kinesin and its tail domain to microtubules raises the 
possibility that kinesin may participate in movements of the 
microtubule cytoskeleton. The ability of the kinesin COOH- 
terminal  domain to  bind  to  microtubules  and  the  NH2- 
terminal domain to bind to and generate movement along 
microtubules suggests that kinesin could crossbridge and in- 
duce sliding between microtubules. In accordance with this 
notion,  purified  kinesin causes microtubule-microtubule 
bending motions in  solution  (Vale  et  al.,  1985) and  has  been 
shown to  induce  unipolar  microtubule  asters,  presumably by 
inducing sliding  between adjacent  microtubules (Urrutia  et 
al.,  1991).  Furthermore, the  disorganization  of  microtubules 
in CV-I cells  expressing the intact  KHC  might somehow 
arise  from  microtubule movements generated  by  a  functional 
motor. 
Possible in vivo situations where microtubule sliding may 
occur include anaphase B type movements in the microtu- 
bule overlap zone (Cande and Hogan, 1989) and the sliding 
of microtubules in neuronal processes (Reinsch et al., 1991). 
Since kinesin is abundant in neurons, the latter phenomenon 
represents a particularly intriguing role for a kinesin motor. 
In their study, Reinsch et al. (1991) show that fluorescently 
tagged microtubules are transported towards the nerve ter- 
minal, the expected direction for slow anterograde transport 
of the cytoskeleton. Although the mechanism of this trans- 
port is unknown, axonal microtubules, whose plus ends are 
oriented towards the terminal, could be anterogradely trans- 
ported along a  subpopulation of stationary microtubules. 
Such transport could be mediated by a plus-end motor, such 
as kinesin, that is anchored onto microtubules via a tail do- 
main and moves along stationary microtubules through a 
force-generating crossbridge cycle. 
Whether or not kinesin participates in microtubule sliding 
in  vivo,  however,  has  not yet been  established.  We and 
others (Pfister et al., 1989; Neighbors et al., 1988) have not 
found an obvious colocalization of endogenous kinesin with 
cytoplasmic microtubnles by immunofluorescence. Although 
Hollenbeck (1989) documented a colocalization of endoge- 
nous kinesin with cytoplasmic microtubules after saponin 
permeabilization, this pattern may represent an interaction 
with microtubule-associated membranes rather  than with 
microtubules themselves. Thus, if kinesin crossbridges mi- 
crotubules and induces microtubule sliding in cells, the im- 
munolocalization data suggest that it must either be driven 
by a subset of the kinesin motors or must be regulated so as 
to occur only under certain circumstances. Thus, further 
work is required to establish whether the microtubule bind- 
ing activity of the tail domain actually is manifested under 
physiological conditions. 
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